A key end goal of gene delivery research is to develop clinically-relevant vectors that can be used to combat elusive diseases such as AIDS. Despite promising engineering strategies, efficiency and ultimately gene modulation efficacy of nonviral vectors have been hindered by numerous in vitro and in vivo barriers that have resulted in sub-viral performance. In this perspective, we concentrate on the gene delivery barriers associated with the two most common classes of nonviral vectors, cationic-based lipids and polymers. We present the existing delivery barriers and summarize current vector-specific strategies to overcome said barriers.
INTRODUCTION
Gene therapy is a treatment option predicated on the underlying principle that disease can be addressed by introduction of exogenous genetic material into somatic cells of patients for the purpose of modulating gene expression of desired proteins. For example, deleterious proteins from specific pathogens can be used in genetic vaccinations to instigate cellmediated and humoral immune responses. Thus, the delivery of genetic material, DNA and RNA, can be utilized to combat various acquired or heritable diseases and under circumstances where natural immunity is aberrant or lacking (cancer, AIDS, etc.).
Since it was first conceptualized in 1972, 1 gene delivery has resulted in numerous studies but has produced a distinct shortage of licensed clinical treatments for human diseases, as most current applications are used in veterinary settings. 2 Shortcomings arise due to the degradation of unprotected genetic material by extracellular enzymes that reduce the amount of gene cargo available to elicit a desired response. As a result, the scarcity of genetic material further hinders already low cellular uptake kinetics. After cellular entry, the genetic payload is subject to intracellular degradation in endosomal/lysosomal compartments.
Unassisted, genetic material compartmental release is negligible, and the small fraction that may escape is exposed to further cytoplasmic degradation and poor translocation kinetics (especially with larger gene constructs). In the case of gene therapeutics that require nuclear entry for activity, crossing the nuclear membranes represents an additional barrier. A final consideration is the possible requirement of prolonged gene expression and the subsequent need for continuous administration. Regardless of the desired outcome, the presence of the aforementioned barriers necessitates the use of natural or artificial gene carrier vector systems.
Many delivery systems have been developed to overcome specific gene delivery barriers, and vectors can be divided into two common classes: viral and nonviral systems. To conduct translational research, property requirements for gene delivery vectors include biocompatibility, biodegradability, resistance to premature degradation, nonimmunogenicity, cell-specific targeting (if applicable), and modulation of gene expression for a desired period of time. From this perspective, viral vectors have resulted in unsurpassed levels of transgene transfection efficacy, but have not been utilized as an all-utility vector due to drawbacks such as nanoparticle formulation, storage difficulties, gene carrying capacity, and residual viral elements that can potentially cause insertional mutagenesis, cytotoxicity, immunogenicity, and tumorigenicity. 3, 4 These limitations in viral vector delivery have given rise to the field of nonviral vectors which include biocompatible materials rationally designed and fabricated through innovative synthesis schemes. Two major categories of nonviral vectors have been developed and extensively studied: cationic lipids (CLs) and cationic polymers (CPs). The use of CLs as a synthetic carrier for gene delivery into mammalian cells was first reported with cationic N-[1-(2,3-dioleyloxy)propyl-]-N,N,N-trimethylammonium chloride (DOTMA) mixed with a neutral helper lipid, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), in 1987 by Felgner and coworkers ( Figure 1 ). 5 Delivery is accomplished by the spontaneous formation into an array of morphologically-distinct CL-nucleic acid carriers, termed lipoplexes, by means of electrostatic interactions. As of a result of their relatively high delivery efficiency, CLs have emerged as the most studied system for nonviral gene delivery. 6, 7 However, limitations in fabrication reproducibility, colloidal stability, and cytotoxicity (in vitro and in vivo) have hindered expansion beyond research purposes. 8 Similarly, CPs, which consists of linear, branched, and dendritic structures (Figure 2 ), are synthesized through various routes (block addition, living polymerization, etc.) and also form nucleic acid-loaded particles, termed polyplexes, through spontaneous electrostatic interactions. The most distinct difference between CLs and CPs is that CPs do not (normally) contain hydrophobic tail moieties and are completely soluble in water. 9 Despite similarities, CPs have gained significant attention because of the flexibility in polymer chemistries that have allowed improvements to design and formulation. The improvements permit precise control of structure and surface modifications enabling use in a plethora of biomedical applications. 6, 10 However, delivery efficacy still falls short of viral vector standards. Considering limitations of both nonviral systems to be profiled in this perspective, there is a need to reevaluate the status of gene delivery efforts and the challenges facing the field. Below, strategies to overcome nonviral gene delivery barriers starting with formulation and ending with gene expression/silencing are summarized.
VECTOR DESIGN AND FORMULATION
The formation of stable CL-and CP-nucleic acid particles that possess the chemical and biophysical properties required to overcome delivery barriers is the first step and first barrier in the gene delivery process. Complexation of genetic material for the formation of lipoplexes and polyplexes proceeds by electrostatic interactions between cationic vectors and anionic nucleic acids resulting in condensation (i.e., a compacted state) of sub-micron-sized particles. These interactions result in the spontaneous formation of thermodynamically quasi-stable structures that contain numerous DNA (or RNA) molecules per nanoparticle. 11 Effective particle formation sterically protects genetic payloads from nucleolytic enzymes, enhances cell permeability/uptake, and increases cytosolic mobility (as compared to naked DNA). The formulation process and the resulting structure are related to the degree of complexation and/or the amount of material being used. Complexation of genes is most easily controlled by adjusting polymer/lipid:gene weight ratios that are initially identified by nucleic acid retardation in a gel-shift assay. The identified ratios correspond to the amount of vector needed to fully complex the payload and serve as a starting point for further optimization. Gene delivery is thought to be improved by use of excessive charge due to the presence of charge reservoirs which enable nucleic acids to achieve transient yet stable interactions within the nanoparticle. Conversely, the use of excessive charge can result in undesired toxicity and binding forces that are too strong for efficient gene unpacking. Thus, desired specific structural properties for each vector type must be considered prior to synthesis to allow rational design of nanoparticles with the greatest gene delivery potential.
Cationic Lipids
The chemical structure of CLs determines the physical characteristics of the lipoplex and is an essential factor in the determination of final gene delivery and cytotoxicity. 12 CL structure can be subdivided into three sections: a positively charged, hydrophilic headgroup; a hydrophobic anchor group (tail); and a linker group that joins the polar and non-polar regions ( Figure 3 ). Lipoplex formation requires a headgroup that can sustain a cationic charge at physiological pH. In early CLs, the cationic charge was localized on either primary, secondary, or tertiary amines or quaternary ammonium salts; however, the choice of headgroup has expanded to include natural architectures and functionalities with established nucleic acid binding capabilities as well as non-amino-based moieties. Thus, before discussing more extensively studied amine-based headgroups, it is worth briefly considering alternatives that have shown a nucleic acid binding capacity. For example, Floch and coworkers demonstrated that use of phosphorus or arsenic atoms instead of nitrogen, which incorporate phosphonate linkers, convey cationic charge and result in improved transfection efficiency and reduced cytotoxicity. 13 The majority of CLs, however, utilize nitrogen atoms within the hydrophilic headgroup, as there appears to be a relationship between gene delivery efficiency and hydration of aminobased headgroups. 14 Charge conferral usually proceeds via the protonation of a monovalent amine group; alternatively, multivalent amino groups form lipoplexes with greater surface charge density and are generally believed to enable higher levels of nucleic acid binding and delivery. Of note, monovalent headgroup dehydration by incorporation of hydroxyalkyl chains capable of forming hydrogen bonds with neighboring headgroups (reducing available space for water inclusion) can promote inverted hexagonal phases, thus, facilitating lipid mixing and subsequent gene delivery. Accordingly, hydroxylation of DOTMA and the esterlinked variant 1,2-dioleoyloxy-3-(trimethylammonium)-propane (DOTAP) to yield 1,2-dioleoyl-3-dimethyl-hydroxyethyl ammonium bromide (DORIE) and 1,2-dioleoyloxypropyl-3-dimethyl-hydroxyethyl ammonium chloride (DORI), respectively, significantly improved gene delivery. 15, 16 Furthermore, incorporation of two or more hydroxyethyl moieties in the headgroup conveyed increased gene delivery and decreased cytotoxicity. 17 However, other studies concluded that the relationship between the hydroxyethyl headgroup incorporation and transfection efficiency is related to the overall lipoplex charge ratio. 18 A slightly positive correlation exists between gene delivery efficiency and +/− charge ratios. That is, with increasing cationic charge, delivery efficiency and cytotoxicity generally increase concomitantly. Shortly after the development of DOTMA, multivalent headgroup CLs emerged, reported with the synthesis of dioctadecylamidoglycylspermin (DOGS), with elevated nucleic acid delivery capability ( Figure 1) . The use of DOGS demonstrated high initial transfection ability, without requiring helper lipids, both in vitro and in vivo. This unexpected observation promoted further studies that analyzed the impact upon transfection efficiency and cytotoxicity related to headgroup shape (linear, branched, globular, T-shaped), length, and the separation distance between two consecutive nitrogen atoms in a polyamine. 19, 20 Despite increased gene delivery and gene compaction, multivalent CLs may result in overly strong nucleic acid binding and the formation of micelles contributing to increased cytotoxicity. 21 Regardless of charge conferral type, an imbalance between the cross-sectional area of the headgroup and the hydrophobic tail will result in cone-shaped lipids which have a propensity to form unstable lipoplexes and fuse with anionic vesicles. Despite concerns over complex instability, a coneshape CL architecture is presumed to result in improved gene delivery (in vitro) as increased fusion between the cationic lipoplexes and the endosomal membranes leads to efficient nucleic acid release into the cytoplasm. 22, 23 For a more in-depth look into CL headgroup design readers are directed to other detailed reviews. 14, 24 The hydrophobic anchor (tail) domain is an accompanying non-polar hydrocarbon region of CLs made up of two types of moieties, aliphatic chains and steroid domains. The lipoplex phase transition temperature, bilayer fluidity, overall stability, gene delivery potential, and associated cytotoxicity are significantly dependent upon structural variations within the hydrophobic region. These include such variations to domain length, type of chemical bonds, and the relative hydrocarbon chain position. 25 Furthermore, commonly utilized aliphatic chains are typically linear and either fully saturated or mono-unsaturated (oleyl, lauryl, myristyl, palmityl, stearyl moieties). 26 CLs commonly have one to four hydrocarbon chains, with studies demonstrating that incorporation of aliphatic chains with different numbers can boost transfection efficiency, presumably by promoting endosomal escape. 5 However, double-chained CLs, such as DOTMA and DOTAP, are among the most actively researched structures. To this end, double-tailed CLs have the ability to form lamellar phases without the need for a helper lipid and thus lead to increases in gene delivery. The lack of studies that use single-and tripled-tailed CLs is, generally speaking, due to their surfactant nature that leads to micelle formation and subsequent increases in cytotoxicity relative to their double-tailed counterparts. Aliphatic chain length and degree of saturation affect CL gene delivery and cytotoxicity efficiency. Using a series of hydroxylethyl quaternary ammonium lipids with myristol, palmitoly, stearoyl, and oleoyl chains, Felgner and coworkers established a chain length-activity correlation of C14:0>C18:1>C16:0>C18:0. 16 This trend has since been corroborated leading to the general consensus that gene delivery efficiency is correlated with decreases in chain length. 27 Beyond chain length, the vast majority of studies report the use of unsaturated chains, particularly C18:1 oleyl, to promote the best transfection. Interestingly, substitution of the cis-double bonds of the oleyl tail with C-C triple bonds led to an increase of gene delivery and reduced cytotoxicity in both in vitro and in vivo models. 28 As for the second type of moiety used for hydrophobic domains, steroids are common alternatives because of their rigidity, biodegradability, and fusion activity. Cholesterol is the most commonly encountered steroid. It is noteworthy in lipoplex formation because of its internal cyclic structure conferring a high degree of stability, exemplified by a BGTC/DOPE/DNA lipoplex resistant to shear forces involved in nebulization. 29 The aforementioned improvements to gene delivery and cytotoxicity by the use of shorter, unsaturated hydrophobic chains are presumably caused by increases in lipoplex stability and membrane fluidity at physiological conditions. Increased lipoplex stability improves the protection of nucleic acids from degradation during inter-and intracellular trafficking. At the same time, these modifications result in the shifting of the lipid transition conditions towards the edge of physiologically-relevant temperatures (36 °C) and pH (~7), hence preventing over-stability and excessive rigidity that may diminish desired cell/endosomal membrane-lipoplex interactions.
The linker bond connects the hydrophobic and hydrophilic moieties of CLs and mediates stability. A balanced choice must be made between a desired vector's persistence and subsequent cytotoxicity which is presumably related to the half-life within the cell. Common linkages are ether, ester, amide, and carbamate groups, with no particular bond emerging as a consistent optimum in structure-activity studies. However, it is generally recognized that ether bonds, such as DOTMA, render better gene delivery efficiency. They are particularly stable and, as such, are expected to be more toxic (further explained below) than ester-linked lipids (DOTAP), which are more easily cleaved within the cell. Carbamate and amide linkers, by contrast, are expected to serve as a reasonable balance between CL gene delivery efficiency and cytotoxicity and are therefore used in DC-Chol and BGTC. 14 Interest has also been placed on the development of nucleic acid release by means of stimuli-triggered decomplexation and biodegradation mechanisms through the incorporation of functional group linkers. Thus, linkers have been developed that are sensitive to acidic pH, changes in redox potential, enzymes, and more recently, light exposure. 30 The use of cleavable linker types should be emphasized; as their use may lead to reduced cytotoxicity and elevated gene delivery potential as compared to more chemically-stable variants. 31 Colloidal stability and the formation of lipoplexes with desired morphology can be aided by the use of neutrally-charged helper lipids such as DOPE and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and these are often employed with other CLs in order to gain higher gene delivery efficiencies. An important property of CLs with regards to vector stability is overall geometry. Like any cationic vector, when suspended in an aqueous environment, CLs can adopt a number of structural phases, such as the micellar, lamellar, and inverted hexagonal phase (Figure 4 ). The specific phase adopted can be best predicted by a factor known as the packing parameter, , defined as the ratio of the hydrophobic tail volume, v, and the product of the hydrophilic headgroup area, a, and the hydrophobic tail length, L c ( Figure 4 ). 32 When P exceeds the value of 1 (i.e., the area occupied by the hydrophobic region is larger than headgroup), the CL will adopt the inverted hexagonal phase, which is a bilayer destabilizing structure. However, when P is less than ½, the CL monomer will be cone-like shaped and will assemble into micellar phases. Thus, when P possesses a value between ½ and 1, CL monomers will adopt lamellar phases Stability of lipoplexes has further been observed to be a function of medium sodium chloride concentration, pH, and DNA concentration, as the formation of nanoparticles is presumably aided by the expulsion of both nucleic acid and lipid counter ions as a driving force. 33 In addition, lipoplexes can be decorated with functional elements for steric stabilization and shielding from extracellular environments (using poly(ethylene glycol) (PEG), for example). Each condition requires specific optimization during synthesis and formulation and is prone to trial-and-error-based experiments.
Cytotoxicity of lipoplexes is mostly associated with the cationic nature of its hydrophilic headgroup. CLs become toxic by presumably interacting with enzymes such as protein kinase C (PKC); however, the reason for this effect is unclear. 12 Quaternary ammonium groups were shown to be more toxic than their tertiary amine counterparts. 34 To circumvent these problems, the headgroup cationic charge distribution can be delocalized into heterocyclic rings, such imidazolium or pyridinium heads, [35] [36] [37] which has been reported to display higher gene delivery and lower cytotoxicity when compared to traditional aminobased headgroups. 38, 39 As outlined above, ether linkers render better gene delivery; however, these linkages result in cytotoxicity due to strong stability effects that result in a lack of biodegradability. CLs synthesized with ester bonds, such as DOTAP, were reported to be more biodegradable and less cytotoxic. [40] [41] [42] [43] However, ester or amide linkers are likely to readily degrade in physiological circulation conditions. To address these concerns, carbamate-linked CLs allow acid-catalyzed hydrolysis and are stable in neutral conditions, as demonstrated by improved cytotoxicity when compared to other linkages. In addition, studies have indicated that an increase in linker segment length leads to decreased cytotoxicity in vitro. 44 Lastly, the effect of the hydrophobic chain on cytotoxicity has not been thoroughly addressed; however, single-tailed aliphatic chains are more toxic and less efficient than their double-tailed counterparts, due to the propensity towards micelle formation. 45, 46 
Cationic Polymers
To precisely design a CP that can properly counter-balance gene delivery and cytotoxicity, five major structural features must be considered that include charge density (number of cationic charges per polymer backbone), charge center type, polymer molecular weight, grafting of functionalities, and colloidal stability. Charge density within the polymer backbone can be precisely controlled through use of sophisticated polymer chemistry techniques. Specifically, successful synthesis of controlled charge density additions has been reported using atom transfer radical polymerization (ATRP), 47, 48 reversible addition-fragmentation chain-transfer polymerization (RAFT), 49, 50 ring-opening polymerization, 51, 52 click-chemistry [52] [53] [54] , and other various chemical procedures such as Michael additions. [55] [56] [57] [58] [59] These strategies are reproducible and can facilitate synthesis of well-defined charge density polymers. Several groups have reported that at least six to eight charges per single polymer chain are required for effective nucleic acid condensation. [60] [61] [62] Prior to implementation of synthetic schemes, selection of the type of charge center to result in desired properties must be addressed. Traditionally, polymer chemists have utilized different forms of nitrogen centers (primary, secondary, tertiary, and quaternary) as the cationic source. It has been reported that complexation ability proceeds in order of quaternary>tertiary>secondary>primary. 63, 64 However, gene delivery has resulted in contradictory results. Quaternary amines on pectin resulted in higher levels of gene delivery as compared to other amine types. 63 Using a dextran backbone, Xu and coworkers observed the same complexation trends noted above, but for gene delivery, tertiary amines recorded the highest levels. 64 This discrepancy was explained by a loss of buffering capacity leading to reduced endosomal escape (see later discussion related to the "proton sponge effect") and associated cytotoxicity with quaternized amines.
Once synthesis has started, desired polymer molecular weights (MW) should be taken into consideration because, aside from the expected effects upon complexation ability (i.e., increased MW and number of cationic units per polymer chain causing tighter binding), gene delivery is positively correlated with increasing molecular weights. Yet, despite increases in gene delivery, increasing levels of cytotoxicity also generally accompany increased CP MW. 65 For example, Neoh and coworkers synthesized variable chain length poly((2-dimethyl amino)ethyl methacrylate) (pDMAEMA)-based copolymers by ATRP. 64 Enhanced plasmid DNA (pDNA) complexation was achieved with increasing cationic chain lengths, eventually resulting in higher transfection efficiency. Corroborative results were observed utilizing different polymer systems such as polyethylenimine, 66 polycyclooctene, 64, 67 and poly(beta amino esters). 68 Other studies that demonstrated elevated complexation and transfection efficiency with increased molecular weight, however, were also accompanied by increases in cytotoxicity despite usage of the same N/P ratios (the amount of polymeric nitrogen compared to nucleic acid phosphate). 69 Increased cytotoxicity was assumed to be caused by enhanced CP hydrophobic properties resulting from high molecular weights, which led to increased cell membrane damage.
Polymers are traditionally designed to incorporate specified functionalities to address a specific intracellular barrier, but outcomes have been mixed, with some CPs losing delivery efficacy and others performing as well as, or even slightly better than, the best commercial agents. 7, 70 In summary, efforts to improve complexation and subsequent gene delivery have resulted in the synthesis of CPs with amine groups intermittently interchanged with thiol moieties, 71 surface attachment of pendant hydroxyl groups, 51, 72 backbone alkylation, 73 and imidazole grafting (upon a chitosan backbone). 35 In addition to improved complexation, imidazole-functionalized CPs possessed pKa values of ~6, which is expected to facilitate enhanced gene delivery by polyplex escape from endosomal compartments (to be further explained below). The aforementioned functionalizations offer a variety of approaches to enhance or influence complexation ability; however, excessive complexation is inhibitory to the unpacking of gene cargo in the cytoplasm. Thus, researchers have attempted to address this issue through use of stimuli-response approaches. For example, Kataoka and coworkers synthesized charge-conversional polymers possessing ternary cross-linked polyplexes, exhibiting high complexation at neutral pHs but weak complexation at acidic pHs. 74 Such properties can also be conferred by incorporating acid-labile linkers such as imine, 75 hydrazone, 76 ketal, 77 derivatized maleamate, 74, 78 and acetal groups. 79 Colloid stability of polyplexes is ultimately the rate-limiting step for CP preparation. Poor stability can result in premature gene unpacking, degradation, aggregation, and clearance both in vitro and in vivo. The consensus strategy to improve colloidal stability is by the introduction of hydrophilic layers, which offer steric shielding effects to minimize undesired non-specific interactions. Commonly used hydrophilic layers include: PEG, poly(N-(2-hydroxyproyl)methacrylamide (PHPMA), poly(glucopyranose), and zwitterionic polymers. PEGylation is one of the most extensively studied hydrophilic functionalizations for improving colloidal stability and reducing aggregation. 7 Successful gene delivery studies have been completed using structures such as PEG-b-cationic polymers 46, 80, 81 and cationic polymers-g-PEG. [82] [83] [84] [85] However, a contradictory report indicates that PEGylation without efficient release of the PEG moiety results in a lower surface charges and a subsequent decrease in both cellular uptake and gene delivery. 86 Thus, PEGylated CPs were synthesized with acid-labile or disulfide linkages which are designed to degrade upon exposure to acidic conditions and, as a result, improve gene delivery. 75, 87 Due to oxidation concerns of PEG moieties, the use of zwitterion groups in CPs have been utilized to provide high resistance to nonspecific protein adsorption from human serum while maintaining gene transfection. 88, 89 Lastly, polymer biocompatibility/cytotoxicity is strongly associated with biodegradability of the underlying polymeric backbone. 90 CP biodegradability is directed by the use of hydrolysable backbones and disulfide linkages. For most CPs, the polymeric backbone is designed to be degraded under physiological conditions, followed by elimination from the human body through renal clearance. Towards this end, various hydrolysable bonds have been explored including esters, amides, phosphoesters, and urethane bonds, resulting in the formation of biodegradable polymers such as aliphatic polyesters, poly(L-lysine), polyphosphoesters, and polyurethanes, respectively. 55, 82, 91 Of these polymers, aliphatic polyesters demonstrated greatest biocompatibility and biodegradability, exemplified by FDA approval of polylactide (PLA). 92 As a result, Cheng and coworkers synthesized a cationic variant (CPLA) through ring-opening polymerization (ROP) and thiol-ene functionalization and utilized polyplexes for safe delivery of small interfering RNA (siRNA) and pDNA to prostate cancer cells and macrophage and fibroblast cells, respectively. 52, 53 As compared with commercial gene delivery vectors (Fugene 6), CPLA variants facilitated enhanced transfection efficiencies, even in the presence of physiologically-relevant levels of fetal bovine serum (data not published), due in part to the polymer's high complexation ability and biodegradability. To similar effect, disulfide linkages were introduced to polymer backbones and crossing-linkages which promoted cleavage into small fragments by exposure to reductive intracellular environments through glutathione (GSH)-mediated thioldisulfide exchange reactions. 65 Accordingly, incorporations of disulfide bonds significantly reduced the cytotoxicity of non-degradable high molecular weight polymers and were an effective approach for such polymers to release their gene payloads in cytoplasm. 93 Pun and coworkers corroborate these previous observations through synthesis of HPMA-oligolysine polymers containing either bioreducible or non-bioreducible linkers between polymer backbones and cationic moieties. 94 By proper experimental design, a positive correlation between bioreducible linker inclusion on cell cytotoxicity and transfection efficiency was clearly identified.
EXTRACELLULAR BARRIERS

In vitro Delivery
The first step in performing translational research of nonviral vectors is in vitro gene delivery determination to identify and remove non-effective vectors. Once a lipid or polymer has been designed and formulated, a general consideration for all future (in vivo) studies is the quality of DNA/RNA available for complexation. High quality (pure), intact pDNA or RNA is important for achieving high performance transfections, and can be obtained through established protocols or commercial vendors such as Elim Biopharm. The formation of lipoplexes and polyplexes is then conducted in the absence of serum, as certain serum proteins can interfere with or prevent stable complex formation.
With the formation of quality vectors, only cell culture considerations remain. The most obvious barrier is the choice of cell type, as various cells, such is stem cells, are notoriously difficult to transfect with nonviral methods. There is typically an overarching theme associated with in vitro studies towards eventual application, such as cancer treatment, and thus, there exist a number of immortalized and primary cells to assess this future goal. Along with the proper vector design and formation, cell plating density is another important in vitro consideration. Optimal cell density for transfection varies for different cell types and applications, but for adherent cell lines, generally 70-90% confluency at the time of transfection or 5 × 10 5 to 2 × 10 6 cells/mL provides good results. Lipids as a class are known to increase cell permeability, and if antibiotics are used in transfection media, their simultaneous transport into cells can result in cytotoxicity and lower gene delivery. Thus, for lipoplexes, antibiotics are removed or reduced when plating for transfection. Finally, aggregation of vectors can result in false-positive results that will lead to contradictory outcomes in vivo. When using adherent cells, aggregated/sedimented vectors are still able to interact with cells, and thus may exhibit gene delivery. However, when this same vector is applied to suspension cells or in vivo, the aggregation will result in poor transfection by means of sedimentation and clearance, respectively. Unlike other gene delivery challenges, the aforementioned barriers can be manipulated by the end user, and thus, are easy to overcome with proper experimental design.
In vivo Delivery
The most important and most difficult challenge in gene therapy is the issue of in vivo delivery. Not only must a vector evade the reticuloendothelial system (RES) after systemic administration, but it must also cross several barriers prior to entering target cells. The first consideration is the selection of an administration route for prepared vectors. General methods include intravenous injection, topical application, mucosal administration, and oral delivery. 3 Once introduced into circulation, vectors are subject to serum inactivation, enzymatic degradation, complement-mediated clearance, and RES recognition. Neutral polyplexes in physiological salt concentrations rapidly form large aggregates that result in ineffective gene delivery and associated cytotoxicity through mechanisms such as lung embolization. In contrast, positively charged particles are easily maintained in solution; however, studies have shown that aggregate size is time dependent 95 and expedited by adsorption of serum albumin and other blood proteins which can cause further aggregation and clearance. As introduced above, most undesired interactions can be remedied by decoration of the vector surface with shielding moieties such as PEG, HPMA, sugars, and proteins. 7 The shielding effect depends on the hydrophilic functionalization's molecular mass, grafting density, and method of attachment. Surface PEG coating (i.e., stealth particles) sterically hinders the interactions of blood components and degradative enzymes with the vector surface, thus, preventing opsonization and recognition by phagocytic cells (e.g., macrophages, dendritic cells, and monocytes) and resulting in prolonged circulation in the blood. 96 Targeting ligands are frequently grafted on the vector particle surface to guide cell specificity and enhance cellular uptake by receptor-mediated endocytosis. Commonly used targeting ligands include peptides or proteins, 97 antibodies, 98 cell penetrating peptides, 99 sugars, 100 and other small molecule ligands. 101 In the case of tumors and inflammatory tissue, accumulation at the target site can be achieved by taking advantage of the increased transport of macromolecules across the tumor endothelium attributed to its leaky and discontinuous vascular structure and poor lymphatic drainage. 3 This phenomena is referred to as the "enhanced permeability and retention" (EPR) effect. Normally, penetration of macromolecules and nanoparticles are enhanced by prolonged exposure, thus, those particles that have been PEGylated are not rapidly cleared from circulation and will have an increased chance to encounter and pool in the leaky tumor vasculature. However, size restrictions have been identified with relation to specific cancerous tissue, as not all tumors are equally leaky, and for tumors with less porous vasculatures, small nanoparticle sizes (less than 30 nm) are desirable. 102 Conversely, for most tumors the optimal mean nanoparticle size has been identified as 100 nm; whereas, particles greater than or equal to 400 nm do not easily enter tumoral capillary gaps. Studies have also shown that particles smaller than 70 nm are able to access parenchymal cells in the liver after crossing sinusoidal space (liver blood vessels). 103 Unfortunately, despite the need for smaller particles, reduced sizes are prone to renal excretion through the glomeruli in the kidney. 3 A major challenge regardless of nanoparticle type is circumvention of the host immune response. When combined with unmethylated CpG-containing nucleic acid compositions present in the gene payload, nanoparticles can stimulate acute inflammatory responses in the host. This is followed by subsequent production of cytokines and clearance of transfected cells. These factors help contribute to the observed treatment-related cytotoxicity and shortened duration of gene expression. The inflammatory response is mediated by toll-like receptors (TLRs) TLR3, TLR7, TLR8, and TLR9 recognizing double stranded RNA, single stranded RNA in endosomes, G-rich oligonucleotides, and unmethylated CpG sequences, respectively. Additionally, delivery aspects such as chemical and physical properties of the vector, pharmacokinetics, biodistribution of nucleic acids, and route of administration are known to be determinants for specific immune reactions. 104 
INTRACELLULAR BARRIERS Uptake Mechanisms
It is generally accepted that cell-surface interactions are driven by electrostatic differences between nanoparticles (cationic) and the cell surface (anionic), to which transmembrane proteins are considered the major binding site. Once semi-stable interactions have been established, nanoparticles are likely to redistribute over the cell surface to participate in a variety of uptake pathways. A comprehensive analysis of nanoparticle uptake mechanism has been presented by various reviews, and thus, will only be briefly covered here. 96, 105 Receptor-mediated endocytosis is the most common route of nanoparticle uptake, and encompasses a variety of entry pathways such as clathrin-and caveolae-mediated endocytosis, macropinocytosis, and pathways that are both clathrin-and caveolaeindependent. An additional uptake mechanism, phagocytosis, is available to specialty cells, such as macrophages and dendritic cells. Each route is distinguished from the other by particle sizes that are preferred and the involvement of specific proteins mediating endocytic entry. The particle size requirements for each uptake mechanism varies with cell type, but for most cells, endocytosis is on the order of 200 nm or less, macropinocytosis is on the order of 500 nm, and phagocytosis is capable of accommodating sizes up to 10 μm. 52 
Vesicle Fate and Compartmental Escape
Although most cells will internalize vectors, only a small fraction (<2%) of nucleic acid escapes the endocytic vesicle. 106 No matter the uptake route, nanoparticles will be localized within endocytic vesicles, which represent a hostile environment known to facilitate nucleic acid degradation. The first vesicle, termed the early endosome, slowly matures by fusing with other sorting vesicles (from which material can be recycled back to the cell surface by exocytosis) and is eventually trafficked to a late endosome. Transition from early to late endosome is marked by the rapid acidification (pH 5-6) due to the action of the ATPase proton-pump enzyme. Sequential trafficking to the lysosome leads to further acidification (pH ~4.5) and the activation of various degradative enzymes. At this point, those nucleic acids that are unable to escape into the cytoplasm are rapidly degraded. Recent studies have observed that nanoparticles become trapped in the late endosome/multivesicular late endosome and are recycled through multiple pathways; consequently, gene delivery efficiency may be improved by designing delivery vectors that can escape the recycling pathway. 107 Several strategies, often vector-specific, are employed to facilitate nucleic acid release. Lipoplexes release their cargo into the cytosol by a lipid mixing mechanism, which presumably involves fusion of carrier lipids with the endosomal membrane, where local perturbations are formed that allow nucleic acid release. The proposed underlying mechanism is that CLs, with or without helper lipids, form nonbilayer structures that participate in the lipoplex-induced flip-flop of negatively-charged phospholipids from the cytoplasmic to the inner face of the endosome ( Figure 5 ). This phenomenon is followed by the formation of charge-neutral ion pairs with the lipoplex, thereby destabilizing the endosomal lamellar membrane organization and causing dissociation of the nucleic acids into the cytosol.
CPs in contrast are believed to release their cargo by the so-called "proton sponge effect" (Figure 6 ). Cationic polyplexes that contain a large number of titratable secondary and tertiary amines confer pK a values between physiological and lysosomal pH (typically 5.5-6). Thus, upon endolysosomal acidification, the amines become protonated and promote the influx of additional H + ions and the concomitant influx of Cl − counterions. In order to compensate for increased ion uptake, vesicles introduce additional water molecules, causing osmotic swelling and eventual rupture.
Despite being widely cited, numerous reports have questioned details of the proton sponge mechanism. 66, 108, 109 These studies comment on the lack of direct evidence for polyplexmediated compartmental escape by pH buffering. An alternative mechanism (Figure 6b ) has been proposed that suggests escape relies on time-dependent protonation-induced membrane permeabilization by tight apposition of the polyplex and the inner-endosomal membrane. This mechanism was corroborated by Zuhorn and coworkers, where neither complete rupture of endosomes nor release of intact polyplexes (and lipoplexes) into the cytosol was observed. 110 Rather, they suggest that at the time of endosomal escape, an almost instantaneous and complete discharge of nucleic acid and remnants of the carrier occurs for polyplexes. In contrast, they observed lipoplexes promote the formation of multiple transient pores, where nucleic acids were more gradually transferred into the cytosol (Figure 5b) , which contradicts the accepted "lipid-mixing" paradigm. The last major observation of the study was the frequency of escape, where as few as one and upwards of four/five particles per cell (average of 1-2/cell) contribute to release of nucleic acids from the endosome and subsequent accumulation in the nucleus. The low cellular uptake and even lower endosomal release was unexpected, but was later confirmed by a recent study that utilized colloidal-gold particles conjugated to siRNA to monitor the uptake and release of lipid nanoparticles. 106 Based upon observations and computational modeling, the authors estimate that escape of siRNA from the endosome occurs at 1-2% efficiency and only during a limited time-frame when the nanoparticles reside in a vesicle that shares both early and late endosome characteristics.
Other strategies have been utilized to overcome the endosomal barrier. Concurrent chloroquine treatment of cells at the time of transfection is known to buffer pH in acidic vesicles, resulting in improved gene delivery of polyplexes. This strategy and others like it are impractical for in vivo gene delivery and thus are limited to bench-scale experiments. In contrast, fusogenic viral or endosomal lytic peptides can be attached to nanoparticles to provide endosomal escape. These peptides are typically pH-sensitive and biologicallyderived. For example, listeriolysin O from Listeria monocytogenes is a pore-forming peptide that is used extensively with bacterial-based gene vectors. 111, 112 Alternatively, Li and coworkers developed a lipid-calcium-phosphate nanoparticle (LCP) that achieved efficient siRNA delivery by LCP endosomal disassemble. 113 The disassembly resulted in the CaP core dissolving in acidic conditions, causing osmotic pressure-induce vesicle rupture.
Nucleic Acid Translocation
After endosomal escape and cytoplasmic release, nucleic acids should be delivered to their target intracellular compartment to obtain desired biological activity. It can be assumed that for cytoplasmic activity-based nucleic acids, such as siRNA, this translocation barrier is nonexistent. However, the mobility of larger molecules, such as pDNA, is extremely low in the cytoplasm, making the payload susceptible to cytoplasmic nucleases. 110, 114 It has been reported that the half-life of naked pDNA in the cytoplasm is 50-90 min. 115 Previously, researchers believed that upon escape from the endosome, remnants of nanoparticles may protect larger nucleic acid constructs from degradation. However, recent studies disproved these assumptions by observations of empty lipoplexes that were anchored to/continuous with the endosomal membrane, and free polymer being expelled into the cytosol with no accompanied translocation away from the endosomal vesicles at the time of nucleic acid release. 110 The determining factor for the nucleic acid mobility rate through the cytoplasm is the size and spherical structure of the molecule, with circular pDNA being faster than linear structures. 116 The state of DNA compaction with reference to gene delivery is poorly understood, but tight compaction may result in increased mobility and stability against cytoplasmic nucleases. Nuclear expression requires overcoming an addition intracellular barrier, transnuclear passage. For dividing cells, nucleic acids can enter the nucleus during nuclear membrane breakdown; however, in non-dividing cells, gene cargo must cross the membrane via the nuclear pore complex (NPC) which only permits entry of molecules up to 9 nm in size and <40 kDa by free diffusion. 117 In the case of larger macromolecules, transferal is energy-dependent. 118 Introduction of specific sequences, termed Nuclear Localization Sequences (NLS), to nucleic acids can promote the attachment of proteins that are expected to enter the nucleus and mediate transnuclear transport through the NPC. 119, 120 Despite noted success 121 , attachment of NLS-recognition proteins can affect biological expression/activity of pDNA 120 and attempts at ex vivo attachment require a complex synthesis mechanism. 122 Overcoming nuclear translocation is poorly studied and requires more extensive research to investigate potential solutions.
TYPES OF NUCLEIC ACIDS
Successful therapy is accomplished by delivery of one of three mechanism-exclusive sets of nucleic acid payloads to either the cytoplasm or nucleus. The first set consists of the delivery of pDNA and other larger DNA-based constructs (bacterial artificial chromosomes 123 and human artificial chromosomes 124 ) to the nucleus, facilitating subsequent expression of a transgene. Similarly, antisense oligonucleotides (AONs), which are 15-30 base pair (bp) constructs, also require entry into the nucleus (and the cytosol in rare occurrences), but in contrast, they prevent the expression of a target gene by hybridizing with host complimentary mRNA. 3, 125 The last set is composed of siRNAs, short hairpin RNA (shRNA) and microRNA (miRNA), that participate in RNA interference (RNAi) mechanisms. Upon delivery into the cytoplasm, these small RNA-based therapeutics operate by a sequence-specific hybridization to their complementary target mRNA, thus, blocking further translation of a desired protein and facilitating target mRNA cleavage and degradation.
Expression Systems
Plasmid DNA expression systems contain a transgene that encodes for a specific protein, that is borne from circular, double-stranded DNA, ranging in size from a few hundred basepairs (bp) to several thousand bp (Table 3) . Following nuclear uptake, DNA transcription is driven by a designed promoter, followed by translation by the host's native machinery. In addition, pDNA can contain other regulatory signals that play an important role in gene expression such as enhancer sequences and splicing and polyadenylation sites. 2 Promoter sequences can be engineered to include strong or cell-specific expression; viralbased promoters, such as the cytomegalovirus (CMV) promoter, are the most commonly used. Additionally, selection of proper enhancers can drastically improve transcription efficiency. 126, 127 Other elements include a prokaryotic antibiotic resistance gene, origin of replication, and the remainder of the bacterial-derived plasmid backbone (BB). These additional features have been attributed to the failure in vivo of pDNA-based expression systems to achieve efficient and sustained activity. 128 It has been proposed that silencing of pDNA transgenes begins when 1 kb or more of genetic material is outside of the transcriptional unit. 129 To address this concern, minicircle DNA (MC) vectors, which are devoid of BBs, have resulted in sustained and elevated transgene expression in quiescent tissues in vivo as compared to tradition pDNA. 128, 130, 131 Even though protocols have been established for MC production, 132 the experimental scheme is still tedious and substantially more complicated than traditional pDNA preparation. Recently, an improved expression vector, mini-intronic plasmid (MIP), was created by Kay and coworkers. 128 They report that placement of the bacterial origin of replication and an antibiotic-free selectable marker as an intron in the transgene expression cassette results in elevated gene delivery compared to both pDNA and MC while still maintaining the advantage of facile propagation and purification. Other expression systems such as bacterial and human artificial chromosomes have also been used in gene delivery. 123, 124 .
Nuclear Inhibition
AON-based techniques achieve suppression/elimination of genetic material by using synthetic nucleotide sequences (DNA, RNA, and chemical analogues) that will bind the mRNA produced by the target gene and inactivate it (Table 3) . Alternatively, it can target a splicing site on pre-mRNA and modify the exon content. 133 The approach has been heavily researched for various cancers, diabetes, arthritis, and other inflammatory-related diseases, and therapies are now beginning to emerge such as FDA-approved fomivirsen, vitravene, and mipomersen. 2 The design of AONs is considerably easier than expression-based systems due to the advantages of lower delivery requirements, cytoplasmic and nuclear activity, and the omission of enhancer and promoter sequences. However, these nucleic acids are limited to the expression reduction of only endogenous genes and require extensive screening and design to overcome off-target effects.
Cytoplasmic Inhibition
Gene modulation that occurs in the cytoplasm proceeds by RNAi mechanisms and in limited cases by AONs. In the RNAi process, siRNA are the most encountered class (Table 3 ). This set of nucleic acids features a double-stranded RNA molecule ranging in size from 19-25 bp that possess a characteristic 2-nucleotide overhang at both 3′ locations. The overhangs allow recognition and sequential formation of large protein complexes, called the RNAinduced silencing complex (RISC), where the sense strand of the siRNA molecule is degraded by Argo-2. Thus, the antisense strand-RISC complex specifically cleaves complimentary mRNA. Unlike other RNA-based therapeutics that require chemical synthesis methods, recent studies have demonstrated the feasibility to produce siRNAs by bacterial propagation methods (only slightly more complex than traditional pDNA purification). 134 By contrast, shRNA molecules are one continuous single strand of nucleic acid, ranging in size from 25-29 bases, which contain a loop of 4-23 nucleotides (Table 3) . Similar to siRNA, shRNA also induce gene silencing through RNAi mechanisms; however, shRNA require processing by the Dicer protein to remove the loop to produce siRNA. [135] [136] [137] Outside nanoparticle delivery strategies, engineered E. coli were used to produce and carry shRNA for bactofection studies. 138 The last set of cytoplasmic molecules are miRNA, which are single-stranded, non-coding nucleic acids, ranging in size from 20-24 nucleotides, that bind partially to complementary sites on their target mRNA. The miRNA-induced silencing operates by affecting the stability of target mRNAs or blocking translation. 136 If the miRNA has perfect complementarity to the target mRNA, it will degrade the transcript similar to siRNA.
Each of the small RNA-based approaches can additionally be utilized by delivery of pDNA or other expression systems to generate endogenous RNAi molecules. This route circumvents the price of synthesis, but reintroduces all the barriers associated with pDNA delivery. However, effective introduction by means of pDNA and variants (MCs and MIPs) can lead to a sustained down regulation of a target gene.
CONCLUSION
Gene therapy holds the promise of treating genetic diseases by introduction of exogenous transgenes into specific cells or by the introduction of therapeutic agents that can inhibit expression of target endogenous genes using approaches such as antisense oligonucleotides (AON) or RNAi-based molecules (siRNA, shRNA, and miRNA). Gene therapy has been studied for the treatment and vaccination of numerous diseases including cancer, viral infections, and genetic diseases. The successful transfer of nucleic acids (e.g., plasmid DNA, bacterial/human artificial chromosomes, AON, siRNA, shRNA, etc.) into cells is greatly aided by efficient carriers to overcome extracellular barriers that include enzymatic degradation and rapid clearance after administration. Presently, viral vectors are the most efficient carrier system; however, immunogenicity, tumorigenicity, inflammatory reactions, and formulation and scalability issues limit their clinical use. Consequently, nonviral vectors that combine tunable properties with facile synthesis and particle formation are alternatives. The ideal nonviral carrier should be non-cytotoxic and yet ensure that the DNA/RNA cargo survives the various extra-and intracellular environments while facilitating release and subsequent translocation to the appropriate cellular compartment. To date, the barriers of gene delivery have limited the effectiveness of nonviral-based gene therapeutics, precluding translational research. Thus, this perspective discusses the gene delivery barriers and potential strategies that have been employed to allow for successful eventual application. Chemical structures of common cationic lipids used in transfection. Schematic representation of classical and proposed lipid mixing mechanisms. a) Classical lipid mixing mechanism was believed to proceed by membrane fusion of the lipoplex and host endosomal membranes followed by exchange of negatively charged phospholipids from the cytoplasmic to the inner face of the endosome. Membrane destabilization and nucleic acid release occur as a result. b) Conversely, lipid mixing may function by an altered mechanism where lipoplexes that are in close proximity to the inner-endosomal membrane lose lipid molecules through dispersal or degradation. Release of lipid molecules permits the passive release of nucleic acids, followed by subsequent cytoplasmic transport mediated by transient pore formation resulting from integration of freed lipids. Schematic representation of classical and proposed proton-sponge mechanisms. a) Classical polyplex-induced proton sponge effect proceeds by the increase of protons due to protonation of amines in the polyplex and ATPase-mediated H + influx. This is followed by concomitant influx of both counter-ions (Cl − ) and water into endocytic vesicles, resulting in osmotic-induced lysis. However, recent studies support an alternative mechanism b) where nucleic acid release relies on a time-depend protonation-induced membrane permeabilization by tight binding of the polyplex and the inner endosomal membrane.
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Important Factor Function Desired Characteristics Points of Design
Hydrophilic Headgroup Cationic polymer design parameters that influence gene delivery.
Charge Density Determines degree of interaction with nucleic acids and related to cytotoxicity Balance of cationic charge Table 3 Nucleic acid examples used for gene delivery experiments. 
